Numerical modeling has been used to investigate the influence of electromagnetic stirring on melting of a single piece of scrap in an eccentric bottom tapping (EBT) electric arc furnace (EAF). The heat transfer and fluid flow in the melt for both conditions with and without electromagnetic stirring were studied. The buoyancy and electromagnetic forces were considered as the source terms for momentum transfer in the studied conditions. The enthalpy-porosity technique was applied to track the phase change of a scrap piece defined in the EBT region of the furnace. Different scrap sizes, preheating temperatures, stirring directions and force magnitudes were considered, and the heat transfer coefficient was estimated from the heat transfer rate at the melt-scrap interface. The results showed that electromagnetic stirring led to a reduced melting time and an increased heat transfer coefficient by a factor of four. The results for Nusselt number versus Grashof number for natural convection and Reynolds number for electromagnetic stirring were compared with those obtained through correlations from previous studies.
Introduction
Today, electric arc furnaces (EAFs) are operating with significantly reduced tap-to-tap times and energy consumptions compared to 30 years ago. This is done by applying new technologies such as a foaming slag, post combustion and an intensive use of oxygen and carbon. However, improvements are still required to decrease the significant energy addition of coal and oxygen and to increase the productivity. The melting process of scrap metals has been studied in previous works 1, 2, [4] [5] [6] [8] [9] [10] by considering scrap size, shape and preheating temperature, melt temperature and melt stirring by using both experiments and numerical modeling considering.
Guthrie et al. 1) solved the equation for transient heat conduction through a spherical iron scrap piece in a stagnant melt using a finite difference method. They showed that natural convection was generated around the scrap surface, which resulted in a lower temperature of the steel in this area. This, in turn, leads to a lower melting time compared to a completely stagnant melt. The heat transfer coefficient was calculated using the Nusselt number obtained based on the following equation for the heat transfer from horizontal cylinders to air and water:
........ (1) where Pr is the Prandtl number and Gr is the Grashof number.
The computed melting times were 25% higher than those obtained by experiments due to some experimental complications. For example, the gas evolution and variation in melting temperature were not included in the model. It was also shown that the melting time decreases for higher preheating and superheating temperatures and lower melting points of the scrap.
Szekely et al. 2) studied both heat and mass transfer when the carbon content of the melt was higher than the scrap using mathematical modeling. The heat balance at the scrap -melt interface, Eq. (2), was applied as the boundary condition and it was solved for solid cylinders of different sizes using Green's function. 3) .................. (2) where r is radius, ρp is the density of the scrap, TL is the melt temperature, Tm is the melting temperature of the scrap, h is the heat transfer coefficient between melt -scrap, k is the thermal conductivity, and Lp is the latent heat of phase change.
Melting of cylinders was also studied experimentally in an induction furnace. It was shown that, when the melting temperature of scrap was lowered, carbon diffusion from melt to scrap facilitates the melting process. The heat transfer coefficient was estimated by fitting the data obtained by the model to the experimental results.
Ehrich et al. 4) studied the melting rate of a single sponge iron sphere in its own melt using both experiments and the . , .
same technique as the one applied by Szekely et al. 2) Alumina markers were used to detect the melting surface for a specific time in a 20 kg induction furnace. The melting curve (radius -time) obtained experimentally was fitted to the one obtained numerically for a constant heat transfer coefficient (31 400 W/m 2 K). It was shown that an increased melt or initial sphere temperature decreases the melting time and thickness of the initial solidified shell.
Wu and Lacroix 5) offered a two dimensional heat transfer model in which a lump of scrap metal started to melt. The lump was considered as a medium with a constant porosity which occupied the furnace (D=0.4 m) to a specific height. The energy conservation equation was solved in the whole furnace. By assuming constant heat transfer coefficients, the temperature distribution in the furnace was depicted for both natural and forced convection. The results showed that the melting time decreases by increasing the heat transfer coefficient.
Zhang and Oeters 6) studied melting of ferromanganese particles in molten iron in a ladle. To compute the heat transfer coefficient, the correlation for forced convection developed by Whitaker 7) was simplified as follows:
where Re is the Reynolds number. The relative particle velocity to the melt was set to 0.1 m/s when computing the Reynolds number. The melting distribution function was introduced to compute the melting rate for a continuous addition of particles to the melt. It was concluded that an increased particle velocity and an initial melt temperature led to an increased melting rate.
Zhou et al. 8) studied the influence of scrap size and preheating temperature, melt temperature and forced convection on the melting rate of aluminium scraps. It was shown that agitation in the melt, included by increasing the Nusselt number, facilitates the melting process. The temperature distribution was obtained during melting of aluminium scraps in a rotary furnace using a three dimensional mathematical model, in which only the fluid flow in the gas phase was simulated.
9) The scrap size variations were applied using a discretized population balance model (PBM). Furthermore, Eq. (2) Li et al. 10) considered the melting process of a number of scrap pieces in an EAF. They showed that the spacing between scrap bars influences melting by formation of solid shells, called steel icebergs. Melting of randomly distributed scraps was simulated in two dimensions using the phase field model (PFM).
11) It was shown that a forced convection resulted in a lower melting time in comparison to conduction dominated melting.
In most of previous works, only the heat conduction equation was solved considering the heat balance at the solidliquid interface. Others, 5, 8, 9) considered the whole melt as a computational domain, but the heat transfer coefficient was assumed to be constant. In none of previous works, 1, 2, [4] [5] [6] [7] [8] [9] [10] the fluid flow was simulated in the bath during melting.
Widlund et al. 12 ) used a numerical model to study the effect of electromagnetic stirring on fluid flow, temperature homogenization and mixing efficiency. It was shown that by installation of an ABB electromagnetic stirrer EMS-EAF at the bottom of an EAF, a resulting improved circulation in the bath contributed to an increased temperature homogenization and mixing efficiency. In the present work, the same computational domain and simulation tool are used to study heat transfer and fluid flow during melting of a single scrap piece in an electric arc furnace. Both natural convection and electromagnetic stirring in the bath are taken into account. Temperature distribution and volume changes of scrap are computed for i) three different scrap radii, ii) three preheating temperatures, iii) four force magnitudes and iv) two stirring directions. In fact, the objective of this work is to compare the effect of natural convection and electromagnetic stirring on the melting process and to predict the rate of heat flow at the scrap -melt interface by estimating heat transfer coefficient.
Mathematical Modeling

Computational Domain
The computational domain is a melt region of a hypothetical 150 t electric arc furnace with an eccentric bottom tapping (EBT), Fig. 1(a) . The dimensions of the computational domain are listed in Table 1 . Three arc spots are generated using three circles at the top surface of the melt.
The following numerical assumptions are applied: -Three-dimensional -Unsteady state condition -Constant thermodynamic properties -Scrap with the same properties as the melt (no mass transfer) -No electromagnetic force due to the arcs, no momentum transfer at the melt surface due to the arc and no gas bubbling inside the melt
Governing Equations
The fluid flow problem was solved by the continuity and momentum conservation equations and equations for the turbulence model:
Continuity Equation:
. . , 
where is the velocity vector. Momentum conservation equation for the case of natural convection:
..... (6) where P is the static pressure, is the stress tensor, is the fluid density in ambient medium, and is a gravitational acceleration vector. The term is the buoyancy force, Fb.
Momentum conservation equation for the case of electromagnetic stirring:
... (7) where F is the electromagnetic (Lorentz) force, equal to J×B, and it is added as an external body force. J is the current density and B is the magnetic field.
Equation for the turbulence model: to calculate turbulent viscosity, the realizable k-ε eddy viscosity model for high Reynolds numbers proposed by Shih et al. 13) is applied. In this model, a new equation for the dissipation rate is recommended in which the dissipation rate is a function of the mean square vorticity fluctuations, or the mean strain rate, instead of Reynolds stresses.
The turbulent viscosity formulation as a function of turbulent kinetic energy, k, and dissipation rate of turbulent kinetic energy, ε, is defined as:
where Cμ is a function of the mean strain and rotation of the fluid, and it prevents unrealizable values for the large mean strain rate. The model coefficients used in this study is based on the results achieved by Shih et al.
13)
Equations for the melting model: the enthalpy -porosity technique proposed by Voller et al. 14) is employed to model melting. In this model, the phase change takes place in cells modeled as a pseudo-porous media with the porosity, λ. As the latent heat content, ΔH, decreases from L (a fully liquid cell) to 0 (a fully solid cell), the porosity decreases from 1 to 0. The mushy zone is referred to the cells in which 0 < λ < 1. The local liquid fraction, Fl, equal to the porosity, is described in solid, liquid and mushy zones as:
.... (9) The energy conservation equation is written as:
........... (10) where H is sum of the sensible enthalpy, h, and the latent heat, ΔH=λL, defined as: (11) where href is the reference enthalpy, Tref is the reference temperature, and Cp is the specific heat capacity, and Sh is the enthalpy source term.
In the enthalpy -porosity technique, 14) the momentum source, S, is defined as:
where q is a small number, equal to 0.001 and C is the porosity constant that depends on the morphology of the mushy zone.
Scrap Geometry and Position
The position, shape and size of the scrap influence the results. In this study, we have modeled the last minutes of melting when a single cylindrical piece of scrap is remained at the EBT region, where the unmelted scrap can block the tapping hole. This is done by assigning an initial constant temperature, 300 K, and a zero liquid fraction to all cells inside the cylinder, Fig. 1(a) . Melting of scraps with three initial radii (R) equal to 0.1, 0.15 and 0.2 m and a cylinder with an axis length equal to 0.14 m are considered.
Boundary Conditions
Bottom and side walls: Bottom and side refractories are assumed as thin walls with a specific thickness and thermal resistance, but with no thermal inertia. It is assumed that the heat is transferred by conduction across the wall and then is transferred by convection and radiation to the ambient medium. The no-slip condition is applied for all walls, meaning that the melt velocity relative to the wall is zero.
Top, slag: The slag is defined explicitly as a stationary solid wall at the top surface of the melt with the same method as was used for refractories, so that heat is lost by convection and radiation to the ambient medium. Treating the slag as a solid wall means that we cannot account for the convective heat transfer through the slag. Thus, a high thermal conductivity is assigned for the slag wall to compensate for this and obtain realistic heat losses from the slag surface.
Top, arcs: The arc columns are not modeled explicitly, so the heat radiation from the arcs to the walls and to the slag is not considered. It is assumed that all heat is transferred to the melt through three spots, where the arcs impinge on the melt surface. The heat flux corresponding to the arc power is added as a local boundary condition to Eq. (10) .
The boundary condition parameters are listed in Table 2 .
Material Properties
Physical and thermodynamic properties of steel, slag and refractories are listed in Table 3 .
. (13) where Vc is the velocity compensate, f is the stirrer frequency, and τ is the distance between two magnetic pole centers.
In forward stirring, the force is applied towards the EBT region. Moreover, in backward stirring, the direction is vice versa.
In FLUENT, the scrap geometry is initialized inside the melt by a user defined function (UDF), and grid refinement is applied in the scrap region and 0.1 m around the scrap. This is done to obtain a higher resolution mesh and less numerical diffusion.
The thermal resistance of the bottom and side refractories is modeled by the shell conduction option in FLUENT. 15) To reach a robust convergence for natural convection, the power is ramped up gradually by assigning three volume sources at the height of 0.3 m below the arc spots defined by UDF. During the power ramp up, the duration of which is 60 s, the power in the three volume sources decreases. Afterwards, the full power is supplied to the melt surface.
The SIMPLE algorithm and PRESTO! (PREssure Staggering Option) scheme are used for the pressure -velocity coupling and pressure discretization respectively. The energy equation is solved after 200 s when a developed flow is established. In the melting model, the porosity or mushy zone constant, C, is set to a default value of 10 5 kg/m 3 s. A parameter FORCEMAG is assigned as a scaling factor for the electromagnetic volumetric forces. It varies between 0 and 1 corresponding to a no stirring and a full stirring condition, respectively. The values 0.25, 0.5, 0.75 and 1 are applied in this study for FORCEMAG, for both the forward and backward stirring cases.
For the case of natural convection, the Boussinesq approximation is applied to solve the buoyancy driven flow. In this model, the density varies linearly with temperature, so in Eqs. (6) and (7) the buoyancy force is written as:
............. (14) where T∞ is the operating temperature, β is the thermal expansion, valid for , and ρb is the Boussinesq or reference density of the fluid, given in Table 3 The gravitational acceleration is applied in the z direction, -9.81 m/s 2 to account for buoyancy.
Results and Discussion
Effect of Stirring on Melting of the Scrap
The scrap changes and temperature and velocity distribution during melting is illustrated in the middle section through the scrap with a 0.15 m radius (R) in the melt, Fig.  1(b) .
The volume averaged velocity distribution in the melt is shown in Fig. 2 for both electromagnetic stirring and natural convection. In the latter one, Fig. 2(a) , the streamlines descend from the top steel surface close to the arc spots towards the lateral walls having lower temperatures; then, they go towards the scrap, which has the lowest temperature in the melt, 300 K, and finally they ascend towards the melt surface. The region on the bottom right side of the melt has a relatively high velocity magnitude, 0.14 m/s, but still most part of the melt is stagnant. With electromagnetic stirring, Figs. 2(b) and 2(c), the flow has covered almost the entire melt as more than half of the scrap disappears after 60 s. The high concentration of velocity arrows around the scrap is due to the mesh refinement. Overall, the velocity magnitude around the scrap increases by about ten times when electromagnetic stirring is applied. Figure 3 shows temperature distribution for both cases with and without stirring. With only natural convection, strong stratification leads to generation of three temperature regions in the melt without including the scrap. This is in good agreement with the works done previously on natural convection in an EAF. 16, 17) However, in a real process, the stratification is less pronounced due to disturbances in the EAF, for example, motion included by oxygen lancing, alloying and CO bubbling. In contrast, when electromagnetic stirring is used, the temperature is homogenized inside the melt, and the superheated region close to the arc spots disappears. This shows that a strong convective heat transfer is dominant in the melt. Figure 4 shows the solid region in the melt 60 s after the heat transfer starts. When only natural convection is present in the melt, the solidified shell formed around the scrap reaches to the bottom surface of the furnace, Fig. 4(a) . This is also shown more clearly in the cross sectional and top view of the scrap in Fig. 5(b) , in comparison to its initial condition, Fig. 5(a) . In contrast, when electromagnetic stirring (forward direction and FORCEMAG=1) is applied, Fig.  4(b) , more than half of the scrap is melted after 60 s.
Aforementioned is shown numerically in Fig. 6 by a parameter solid remaining expressing the decreasing volume of the scrap as:
........... (15) As seen in Fig. 6 , the melting time is reduced about four times by using electromagnetic stirring, and the formation of Figure 7 shows the volume averaged velocity inside the melt versus time for backward and forward stirring and natural convection. With electromagnetic stirring, the melt is accelerated first, which takes less than 300 s; then a stable velocity fluctuations exist around 0.5 m/s for forward stirring, and less stable velocity fluctuations for backward stirring. For natural convection, the volume averaged velocity is close to zero.
It is of interest to compute the velocity distribution for forward and backward stirring after 60 s, as seen in Figs.  2(b) and 2(c) . The results show that by applying a force Fig. 3(c) . Therefore, the melting time and formation of the solidified shell for forward stirring is less than those for backward stirring, as seen in Fig. 6 . Figure 8(a) shows that for the scrap with a 0.1 m radius, the amount of solid remaining (see definition in Eq. (15)) is maximum. This is due to that the interface area between the solid and melt is smaller and it has the lowest melting time. In addition, the volume variation versus time is shown in Fig. 8(b) . Data are given for three different scrap radii and for a period of time from the end of the solidified shell melting to the time necessary to reach a 0.4 solid remaining, t0.4. It is shown that melting rate, slope of the fitted lines, for the scrap with a 0.2 m radius is maximum and equal to 0.0003 m 3 /s. This is due to its larger interface area with the melt. Figure  9 shows that melting time varies linearly with the scrap radius.
Scrap Size and Preheating
The effect of the preheating temperature on the melting time is presented in Fig. 10 , which shows that a preheating of the scrap above room temperature facilitates melting. The correlation between melting time and initial temperature of scrap is linear, Fig. 11. 
Heat Transfer Coefficient
The minimum temperature versus time for both the electromagnetic stirring and natural convection conditions is presented in Fig. 12 . The end time for both is the time to reach a 0.2 solid remaining in the melt. It shows that when natural convection is applied, the minimum temperature of scrap increases to about 120 K, whereas it is almost (16) where A is the interface area, Δt is the time step equal to 0.25 s, and ΔV is the volume changes of the scrap. Since monitoring of the interface area in each time step is expensive, it is assumed to be unchanged during melting. The aforementioned assumption is also applied for natural convection.
The heat transfer coefficient, calculated using Eq. (4), versus time is shown for natural convection, forward and backward stirring in Figs. 13 and 14 . The start time corresponds to a complete melting of the solidified shell, and the end time is the time to reach a 0.4 solid remaining. The heat transfer coefficient is a function of melt velocity. Thus, for natural convection with the melt velocity close to zero, Fig.  7 , the heat transfer coefficient is lower than that for electromagnetic stirring with a higher melt velocity. A comparison between Figs. 13 and 14 shows that when electromagnetic stirring is applied, the heat transfer coefficient increases by a factor of four.
The fluctuations of heat transfer coefficient, shown in Fig.  14 , are due to the velocity fluctuation during stirring, Fig.  9 . The heat transfer coefficient decreases for all cases due to the velocity variations and the assumption that the interface area is unchanged. Therefore, the heat transfer coefficient is calculated during the time to reach a 0.8 solid remaining for all force magnitudes applied, shown in Fig.  15 . It shows that when electromagnetic stirring is used, the heat transfer coefficient increases with increased force magnitudes. Using forward stirring, the heat transfer coefficient reaches higher values up to around 50 000 W/m 2 K compared to backward stirring. When the force magnitude is known, the heat transfer coefficient and the melting time can be predicted.
The dimensionless Nusselt number, as a function of the heat transfer coefficient, and Reynolds number are calculated for each time step using Eqs. (17) and (18) where dp is diameter of the scrap, assumed unchanged during melting, and k is the thermal conductivity. 
where V is melt velocity, and v is kinematic viscosity.
A comparison between the calculated Nusselt numbers and the ones computed using Eq. (1) is shown in Fig. 16 . The results show that the difference in the Nusselt number is maximum 30 for the studied conditions.
Since the Reynolds number is higher than 10 5 , the correlation proposed by Whitaker, 7) Eq. (3), is not valid. Therefore, the Nusselt number is calculated using the one suggested by Kreith, 18) which is valid for a horizontal cylinder exposed to a flow perpendicular to its axis:
.... (19) In Fig. 17 , the comparison of Nusselt numbers calculated by heat transfer coefficient to ones achieved by the Kreith correlation is shown for backward and forward stirring with the lowest and highest force magnitudes. For backward stirring, when the FORCEMAG=0.25, a very close agreement was observed, and for FORCEMAG=1, the results for Nusselt numbers are 50-150 higher than those obtained by the Kreith correlation. For forward stirring, the calculated Nusselt numbers are 150-200 and 150-250 higher when the FORCEMAG is equal to 0.25 and 1 respectively.
In Kreith correlation, the flow is perpendicular to the axis of the cylinder, but here, as it is shown in Figs. 2(b) and 2(c) , the flow is imposed in all directions and changing instantaneously in the whole melt. Thus, the results are also dependent on the scrap position inside the melt.
Conclusion
The fluid flow, temperature distribution and heat transfer in an EBT-EAF during melting of a single scrap were studied numerically. Buoyancy and electromagnetic forces were considered as driving forces for melt circulation. It was shown that using electromagnetic forces, the increased velocity by a factor of 10 and strong circulation inside the melt contribute to a homogenous temperature distribution and lower melting time of the scrap.
Furthermore, the heat transfer coefficient was computed, and it was observed that it increases by a factor of 4 when electromagnetic stirring is applied. The comparison of values of Nusselt numbers computed by heat transfer coefficient with those obtained by correlations in previous studies showed a deviation of less than 25% for natural convection and backward stirring. For forward stirring, the computed Nusselt numbers were almost two times higher than those calculated by a proposed correlation. This variance is probably due to the fact that in our work the flow was imposed towards the scrap in all directions, whereas it was perpendicular to the axis of the cylinder in the experimental model. . ,
.
